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Abstract:	 Spins	 in	 solids	 or	 in	 molecules	 possess	 discrete	 energy	 levels,	 and	 the	
associated	 quantum	states	 can	 be	 tuned	 and	 coherently	manipulated	 by	means	 of	
external	electromagnetic	fields.	Spins	therefore	provide	one	of	the	simplest	platforms	
to	encode	a	quantum	bit	(qubit),	the	elementary	unit	of	future	quantum	computers.	





more	versatile	 than	atoms	and	yet	microscopic,	 are	 the	quantum	objects	with	 the	
highest	 capacity	 to	 form	 non-trivial	 ordered	 states	 at	 the	 nanoscale	 and	 to	 be	
replicated	in	large	numbers	using	chemical	tools.	
This	Perspective	discusses	how	chemistry	can	contribute	to	the	design	of	robust	spin	
systems	 based	 on	 mononuclear	 rare-earth	 complexes.	 Using	 these	 molecular	
nanomagnets	as	key	examples,	we	illustrate	the	variety	of	paths	that	chemistry	has	
recently	opened	for	quantum	technologies:	from	the	design	of	molecular	spin	qubits	











coupling	 between	 the	 spins	 of	 neighbouring	 metal	 ions.	 The	 reversal	 of	 this	
anisotropic	 spin	 can	 only	 happen	 by	overcoming	 an	 energy	 barrier,	however,	 this	










block	 metal. 3 , 4 , 5 	This	 article	 focuses	 on	 lanthanides,	 which	 have	 attracted	 most	
interest	 from	 the	 community	 so	 far.6 	These	 molecules,	 also	 known	 as	 single-ion	
magnets	(SIMs),	represent	the	smallest	imaginable	nanomagnets.	The	large	magnetic	
anisotropy	associated	with	the	f-block	elements	is	a	direct	consequence	of	a	strong	
spin-orbit	 coupling	 combined	 with	 the	 crystal-field	 interaction	 with	 surrounding	
ligands.	This	situation	is	reversed	with	respect	to	3d-transition	metal	ions	in	which	
the	spin-orbit	coupling	is	relatively	weak	compared	to	the	crystal	field.	Consequently,	
in	 the	 latter	 case,	 the	 orbital	 contribution	 is	 largely	 quenched	 leading	 to	 a	 small	
magnetic	anisotropy.	This	difference	explains	why	the	energy	barriers	of	SIMs	based	
on	rare-earth	 ions	can	easily	be	an	order	of	magnitude	higher	than	those	of	SMMs	
based	 on	 polynuclear	 d-block	 clusters.	 Then,	 from	 a	 naïve	 point	 of	 view,	 these	
molecules	would	be	expected	to	show	magnetic	bistability	at	room	temperature	or,	






up	 to	 80	 K, 8 	, 9 , 10 	but	 the	 current	 experimental	 situation	 is	 still	 that	 record	
temperatures	 for	magnetic	hysteresis	 remain	 too	 low	 to	 be	 practical.	 In	 turn,	 and	
precisely	because	of	the	fast	quantum	tunneling,	these	molecules	offer	an	attractive	
alternative	 to	 realize	 quantum	 bits	 (qubits),	 the	 basic	 units	 of	 future	 quantum	











uncontrolled	 interaction	 of	 the	 qubit	 with	 its	 environment.	 This	 loss	 of	 quantum	
information,	 called	decoherence,11	is	 thus	 a	major	obstacle	 for	 the	 development	of	
solid-state	quantum	technologies.12,13		
A	measure	of	qubit	‘coherence’	is	provided	by	its	phase-memory	time,	T2.	Spins	are	








tune.	 Besides,	 the	 rather	 stringent	 conditions	 required	 to	 preserve	 quantum-
coherence	also	limit	the	coherent	exchange	of	information	between	them.	This	brings	
us	to	the	second	challenge.	





more	versatile	 than	atoms	and	yet	microscopic,	 are	 the	quantum	objects	with	 the	
highest	capacity	to	form	non-trivial	ordered	states	at	the	nanoscale.	Besides,	they	can	






quantum	 coherence.	 Then	 we	 discuss	 two	 complementary	 approaches	 to	 obtain	
molecules	 hosting	 two	 or	 more	 qubits,	 and	 thus	 allowing	 the	 implementation	 of	
quantum	logic	gates:	 for	all	practical	purposes,	quantum	gates	among	n	qubits	are	
equivalent	to	coherent	transitions	between	2n	quantum	states.	Finally,	we	describe	
how	 the	 integration	 of	 these	molecular	 quantum	 units	 into	 devices	might	 lead	 to	




The	 characteristics	 of	 a	 solid-state	 spin	 qubit	 derive	 not	 only	 from	 fundamental	
physical	principles	associated	with	the	spin	carrier	itself	(be	it	a	nucleus,	a	magnetic	
atom	or	an	impurity	or	defect)	but	also	from	the	nature	of	its	environment,	which	can	
be	 adjusted	 by	 the	 versatility	 of	 chemistry.	 Chemical	 design	 offers	 boundless	
possibilities,	 conferring	 a	 competitive	 advantage	 on	 magnetic	 molecules	 when	
compared	 to	 NV	 centers	 in	 diamond16, 24 , 25 , 26 	and	 phosphorus	 impurities	 in	












conditions,	 including	 high	 dilution.	 While	 these	 transition-metal	 complexes	 have	
been	of	paramount	importance	to	show	how	to	optimize	spin	coherence	in	molecules,	
rare-earth	 metal	 complexes	 have	 opened	 new	 possibilities	 for	 expanding	
computational	 resources.	 For	 example,	 the	 POM	 [Gd(H2O)P5W30O110]12-	 (in	 short	
GdW30)	was	used	to	show	that	the	electronic	structure	can	be	tailored	by	using	the	
chemical	 coordination	 and	 eventually	 allowed	 the	 integration	 of	 three	 qubits	 in	 a	
single	ion.38,39	With	the	POM	[Ho(W5O18)2]9-	(in	short	HoW10),	a	relative	insensitivity	
to	magnetic	noise	was	achieved,	allowing	T2	=	8µs	at	spin	concentrations	two	orders	


















quantum	 coherence	 (T2)	 (b)	 key	 results	 obtained	 with	 mononuclear	 lanthanide	









hydrogen	 or	 nitrogen	 atoms)	 located	 on	 the	 ligands	 and	 solvent,	 and	 (iii)	
neighbouring	electronic	spins.41	(ii)	and	(iii)	are	responsible	for	what	we	have	called	









transitions	 become	 forbidden	 by	 time-reversal	 symmetry. 42 	The	 quest	 for	 rigid	
ligands	 is	well	 illustrated	by	Figure	1,	which	shows	that,	with	the	exception	of	 the	
earliest	system,	all	examples	are	either	inorganic	POM	cages	or	organic	sp2	structures.	
The	two	structures	that	present	high	coherence	at	high	temperature	combine	both	
strategies:	 Kramers	 ions	 complexed	with	 a	 rigid	 phthalocyaninato	 ligand.	 Further	
improvements	are	required	to	reach	sufficiently	long	spin-lattice	relaxation	times.	A	






isotope	 of	 every	 odd-numbered	 element	 carries	 a	 nuclear	 spin.	 Examples	 of	 spin	
qubits	embedded	in	solid-state	host	lattices	made	of	even-numbered	elements	are	the	
already-mentioned	 NV	 colour	 centres	 in	 diamond16	 and	 phosphorus	 donors	 in	
silicon,17	as	well	as	calcium	wolframate	doped	with	trace	amounts	of	erbium(III)45	or	






candidates.4,19,37,38,39, 47 , 48 	In	 practice,	 nuclear	 spin	 decoherence	 depends	 on	
abundance	 and	 distance,	 and	 optimal	 results	 have	 been	 obtained	 in	 CS2	 frozen	
solutions	of	nuclear	spin	 free	complexes,	even	 in	the	presence	of	nuclear-spin-rich	
counterions.35	
Finally,	 to	reduce	magnetic	dipolar	 interactions	between	electronic	 spins,	 extreme	
magnetic	dilution	is	routinely	employed.	A	typical	ratio	is	one	paramagnetic	molecule	
per	 10,000	 diamagnetic	 molecules.	 However,	 isolating	 the	 spins	 creates	 a	
fundamental	 and	 critical	 paradox	 for	 building	 a	 useful	 quantum	 device:	 any	
manipulation	of	quantum	information	requires	a	controlled	interaction	between	spin	
qubits;	this	means	that	fully	isolated	qubits	are	of	very	little	use.	One	therefore	needs	




As	 pointed	 out	 above,	 lanthanoid	 ions	 provide	 a	 suitable	 source	 of	 spin	
qubits.6,20,37,38,39,45,49		Often,	the	electronic	ground	state	is	a	doublet	with	an	energy	gap	
that	is	tuneable	by	a	magnetic	field,	which	can	be	regarded	as	an	effective	spin-1/2,	
therefore	 providing	 a	 suitable	 basis	 for	 the	 qubit	 states	 (box	 1).	 The	 local	
coordination	strongly	influences	the	qubit	properties	as	it	determines	the	quantum	
wave	 functions	of	 its	 |0ñ	and	 |1ñ	 states.	 In	 this	regard,	 in	comparison	to	solid-state	
approaches,	coordination	chemistry	offers	a	tremendous	range	of	possibilities	for	the	






and	 a	 magnetic	 moment	 gJµBJz,	 where	 gJ	 is	 the	 gyromagnetic	 ratio.	 In	 a	 solid	
environment,	 the	 interaction	with	 the	 crystal	 field	 splits	 this	multiplet	 be	 several	





magnetic	 dipole	 transition	 between	 them	 is	 allowed.	 An	 external	 magnetic	 field	
adjusts	the	qubit	energy	for	its	manipulation	with	a	resonant	microwave	pulse.	This	
allows	coherent	back-and-forth	quantum	transitions	(known	as	“Rabi	oscillations”)	
between	the	states	 labelled	|0⟩	and	|1⟩.	The	angular	 frequency	of	 these	oscillations	










the	 crystal-field	 around	 the	 rare-earth	 ion 50 	and/or	 over	 the	 electro-nuclear	
hyperfine	interactions.17	The	former	is	particularly	attractive	because	chemistry	can	
exert	 immense	 control	 over	 the	 coordination	 around	 the	 rare-earth	 ion.	 The	
hyperfine	 interaction	 may	 also	 be	 engineered	 in	 molecules	 to	 some	 degree,	 e.g.,	
through	s-d	orbital	mixing,	which	allows	for	synthetic	control	of	 the	Fermi	contact	
between	 the	 unpaired	 spin	 and	 the	 associated	 nucleus.51	Avoided	 level	 crossings	
between	qubit	states	provide	optimal	operating	points,	known	as	‘clock	transitions’	
(CTs)	because	of	their	use	in	atomic	clock	technology.52	The	derivative	of	the	qubit	
transition	 frequency	 with	 respect	 to	 magnetic	 field	 vanishes	 at	 these	 CTs.	
Consequently,	the	qubit	dynamics	become	insensitive	(to	first	order)	to	fluctuations	




lead	 to	 relatively	 long	 coherence	 times	 without	 resorting	 to	 dilution.	 A	 large	
tunnelling	gap	(~tens	of	GHz)	is	required	to	ensure	fast	qubit	dynamics	and	increased	











































fields	 (Fig.	 2)	 at	 which	 long	 coherence	 times	 are	 found	 for	 unusually	 high	 Ho	
concentrations	(one	magnetic	molecule	per	10	molecules).	These	findings	open	new	
avenues	for	quantum	computing	based	on	molecular	spins.	For	example,	one	could	
imagine	attaching	molecules	 to	 templated	substrates	or	surfaces,	 forming	spatially	
periodic	arrays.	The	CT	frequencies	could,	in	principle,	then	be	controlled	by	spatially	




contrast,	 dilution	 of	magnetic	molecules	 generally	means	 that	 qubit	 positions	 are	
random;	hence,	achieving	such	architectures	would	be	impossible.		
These	 conditions	 can	 be	 chemically	 realized	 with	 different	 rare-earth	 ions	 and	
different	molecular	structures.	The	molecule	of	choice	should	have	an	isolated	pair	of	
low-lying	 states	 with	 a	 large	 associated	 tunnelling	 gap,	 preferably	 matching	 the	
working	frequencies	of	conventional	microwave	technologies	(1-100	GHz).	The	key	
to	 this	 strategy	 is	 the	 chemical	 design	 of	 molecular	 structures	 with	 appropriate	
crystal-field	 symmetries.	 In	 rare-earth	 complexes	 with	 integer	 spin,	 this	 goal	
translates	 into	 matching	 the	 dominant	 ±mJ	 spin	 projections	 associated	 with	 the	
ground-state	wave	functions	with	the	rotational	order	of	the	main	symmetry	axis	of	
the	molecule.	This	condition	is	satisfied	in	the	HoW10	molecule,	which	has	a	fourfold	
rotational	 symmetry	 and	 mJ	 =	 ±4	 ground	 states.	 Under	 these	 circumstances,	 the	
symmetry	of	the	crystal-field	Hamiltonian	produces	a	significant	mixing	between	the	
±mJ	ground-state	wave	functions	and,	consequently,	a	large	tunnelling	gap	appears.	
While	 this	 is	 not	 trivial	 to	 achieve,	 the	 case	 of	HoW10	 is	 not	 an	 isolated	 case.	 For	
example,	 within	 rigid	 polyoxometalate	 chemistry,	 the	 TbW30	 POM	 with	 an	
approximate	fivefold	rotation	axis	(see	Figure	1b)	has	been	characterized	as	having	
an	mJ	=	±5	ground	state	with	an	even	larger	tunneling	gap,	estimated	as	~30	GHz	(~1	




since	 this	 results	 in	 an	 insensitivity	 to	 magnetic	 noise	 and,	 therefore,	 longer	
coherence.	 In	 this	context,	we	can	easily	understand	why	mononuclear	 lanthanoid	
complexes	are	better	suited	as	qubits	than	as	classical	magnetic	memories,	while	in	
the	polynuclear	metal	complexes	(the	dodecanuclear	manganese	cluster	with	an	S=	
10	 ground	 spin	 state	 known	 as	Mn12,	 for	 example)1	 the	 situation	 is	 reversed:	 the	





Any	 computation,	 be	 it	 classical	 or	 quantum,	 can	 be	 decomposed	 into	 elementary	
logic	 operations.	 For	 classical	 Boolean	 logics,	 the	 set	 of	 such	 universal	 gates	was	
established	 already	 in	 the	 19th	 century.	 For	 quantum	 computation,	 different	 gates	
have	been	proposed	which,	aside	from	the	coherent	manipulation	of	each	individual	
qubit,	include	conditional	operations	acting	on	either	two	(like	the	CNOT	and	CPHASE	
gates)	or	 three	(like	the	CCNOT	or	Toffoli	gate)	qubits.54	A	goal	 for	chemistry	 is	 to	
design	 molecules	 that	 can	 host	 several	 qubits,	 thus	 enabling	 the	 realization	 of	
conditional	quantum	gates	and,	eventually,	simple	quantum	algorithms.	This	would	









redox-active	 POM	 cluster	 as	 a	 linker.	 In	 that	 case	 an	 electrical	 switching	 of	 the	
exchange	between	the	two	electron	spins	and	a	readout	of	the	final	state	of	the	two	
qubits	 can	 be	 implemented	 by	 using	 a	 STM	 setup.55 	Other	 promising	 candidates	
synthesized	 recently	 are	 dimers	 of	 Cr7Ni	 rings	 (Fig.	 1)	 linked	 by	 redox-active	
centres,56	and	 transition	metal	 clusters	 linked	by	photoswitchable	dithienylethene	
units.57	A	 challenging	goal,	not	yet	 achieved,	 is	 to	 induce	 the	 switching	of	 a	 single	
molecule	in	situ	with	sufficient	speed	and	control.		
A	 somewhat	 simpler	 alternative,	 inspired	 by	 early	 work	 on	 NMR	 quantum	
computing, 58 	is	 to	 use	 molecular	 dimers	 with	 permanent	 (i.e.	 non-switchable)	
interactions	between	 the	 spin	qubits.	Here,	 the	energy	 scale	 Jex	of	 the	qubit–qubit	
coupling	is	crucial,	and	determines	how	the	gates	are	implemented.	If	Jex/!	is	smaller	
than	the	Rabi	frequencies,	WR	(see	box	1),	of	the	isolated	qubits	but	still	larger	than	







with	 long	 [3]rotaxane	 or	 bipyridyl	 linkers	 that	 keep	 them	 between	 1.6	 and	 3	 nm	




rare-earth	 ions	 is	 to	 introduce	 a	magnetic	 asymmetry	 between	 the	 different	 spin	
qubits.	This	can	be	achieved	by	chemically	designing	different	local	co-ordinations	to	
host	 the	 involved	 ions,	 or	 by	 combining	 different	 atoms.20, 61 	This	 idea	 has	 been	
realized	in	practice	by	binding	two	lanthanides	to	an	odd	number	of	asymmetric	b-
diketonic	bridging	ligands,	which	create	two	different	coordination	sites.62,63		This	is	























Magnetic	 energy	 level	 scheme	 for	 the	 GdW30	 POM	 cluster.	 The	 8	 different	 spin	
projections	 from	 “spin	 up”	 to	 “spin	 down”	 (blue	 arrows)	 give	 rise	 to	 8	 unevenly	





states.	 Oscillation	 (1)	 takes	 place	 at	 0.6	 T	 between	 the	 ground	 state	 and	 the	 first	
excited	spin	state	and	corresponds,	for	quantum	information	purposes,	to	a	coherent	
back-and-forth	 transition	 between	 states	 |000ñ	 and	 |001ñ.	 This	 implements	 a	
universal	 three-qubit	 conditional-conditional	 NOT	 (or	 Toffoli)	 gate.	 Adapted	 with	
permission	from	ref.	39.	
	
The	previous	example	also	suggests	 that	all	 that	 is	needed	to	 implement	quantum	
gates	is	a	sufficient	number	of	spin	states	linked	through	addressable	transitions.	It	
should	then	be	possible	 to	scale-up	quantum	resources	within	a	molecule,	or	even	
within	a	single	magnetic	 ion,	by	taking	advantage	of	 its	multiple	 internal	magnetic	
states.	 This	 means	 moving	 from	 qubits	 (two	 states)	 to	 qudits	 (d	 states).	 The	
(a) (b) (c) (d) 
integration	 of	multiple	 addressable	 states	 in	 a	 single	 ion	 enhances	 the	 density	 of	
quantum	 information	 that	 can	 be	 handled	 with	 molecular	 systems.	 An	 attractive	
candidate	to	realize	this	idea	is	Gd(III).	Because	of	its	4f7	configuration,	a	free	Gd(III)	
can	be	regarded	as	an	‘electronic	sphere’	with	zero	orbital	momentum,	L	=	0,	and	the	
highest	 spin	 S	 =	 7/2	 to	 be	 found	 in	 the	 periodic	 table,	 if	 we	 disregard	 unstable	
isotopes.	Zero-field	 splittings	are	 then	also	weak,	 and	can	be	 tuned	by	 adequately	
choosing	 its	 coordination	geometry.	 This	 approach	 has	 recently	 been	 explored	 by	
encapsulating	 Gd	 in	 two	 different	 polyoxometalate	 (POM)	 clusters	 exhibiting	 an	
elongated	 axial	 coordination	 —	 the	 case	 of	 GdW10	 —	 or	 a	 doughnut-shaped	
coordination	geometry	—	the	case	of	GdW30	(Fig.	1).38	Whereas	the	former	case	gives	
rise	to	a	relatively	strong	uniaxial	anisotropy	(D	=	-0.124	cm-1),	with	an	overall	energy	
splitting	 of	 the	 spin	 multiplet	 of	 ca.	 1.44	 cm-1	 (44	 GHz),	 the	 latter	 leads	 to	 a	













Much	 better	 suited	 to	 this	 end	 are,	 by	 contrast,	 states	 associated	 with	 different	
projections	 mI	 of	 the	 nuclear	 spin	 I,	 as	 most	 lanthanides	 (nonmagnetic	 Ce	 and	
radiactive	 Pm	 being	 the	 exceptions)	 have	 stable	 isotopes	 with	 a	 nonzero	 I	 and	
sufficiently	 small	 energy	 splittings.	 Recently,65	such	 a	 nuclear	 spin	 qudit	 has	 been	
realized	in	a	Tb-based	SIM,	abbreviated	TbPc2	(Figure	1;	ref.	3)	where	Tb	has	an	mJ	=	
±6	 electronic	 ground	 state	 and	 a	 nuclear	 spin	 quadruplet	 I	 =	 3/2	 with	 unevenly	
spaced	levels	that	result	from	the	combination	of	hyperfine	and	nuclear	quadrupolar	
interactions.	 Microwave	 pulses	 can	 manipulate	 its	 two	 nuclear	 spin	 qubits.	 The	
smaller	 Rabi	 frequencies	 of	 these	 qubits,	 which	 result	 from	 the	 fact	 that	 nuclear	
magnetic	moments	are	about	103	times	smaller	than	electronic	ones	(see	box	1),		is	
compensated	 by	 their	 much	 longer	 T2	 and	 by	 the	 possibility	 of	 driving	 these	








of	 freedom,	 one	 can	 drive	 CTs	 at	 EPR	 frequencies	 (1	 –	 10	GHz)	 that	 incorporate	
simultaneous	nuclear	spin	transitions.	The	coupling	between	nuclear	and	electronic	
degrees	of	 freedom	opens	also	 the	possibility	of	 introducing	effective	 interactions	








units	 to	 build	 architectures	 of	 sufficient	 complexity	 to	 tackle	 problems	 of	






A	 proposal	 for	 reading-out	 the	 spin	 state	 of	 single	 molecules	 that	 has	 achieved	
remarkable	 success	 is	 based	 on	 applying	 concepts	 and	 techniques	 from	 single-
molecule	 electronics.	 The	 differential	 conductance	 of	 a	 spin	 transistor	 made	 of	 a	
single	 TbPc2	molecule	 trapped	 between	 two	 gold	 electrodes	 and	 gated	 by	 a	 third	
electrode	 shows	 jumps	 whenever	 the	 Tb	 electronic	 spin	 flips.	 The	 link	 between	
electronic	transport	and	magnetism	is	provided	by	the	exchange	coupling	between	
electrons	at	the	[Pc]2-	ligands,	that	sustain	the	current	flow,	and	the	localized	spin	of	
Tb(III). 71 	The	 magnetic	 fields	 at	 which	 these	 conductance	 jumps	 occur	 depend	
uniquely	on	the	nuclear	spin	state,	 thus	providing	a	direct	method	to	read-out	 the	
latter.72	This	nuclear	spin	qudit	can	therefore	be	manipulated	by	microwave	pulses	
and	projectively	 read-out.	As	mentioned	above,	 this	has	enabled	 the	 realization	of	
Grover’s	 search	 algorithm	 on	 a	 single	 molecule.40	 Recently,	 the	 same	 set-up	 has	
enabled	read-out	of	the	electronic	spin	state	of	the	same	molecule.73	The	extension	of	
this	 idea	 to	different	magnetic	molecules	has	also	been	proposed.74	Although	very	
promising,	 this	 approach	 still	 lacks	 a	 mechanism	 for	 coherently	 'wiring	 up'	 the	
individual	molecular	qubits	with	each	other.	
Natural	candidates	to	‘wire	up’	qubits	are	photons.	A	promising	platform,	known	as	




chip.	 Experiments	 performed	 with	 superconducting	 qubits	 show	 that	 the	 photon	
introduces	a	switchable	effective	coupling	between	any	pair	of	qubits	(no	matter	their	
mutual	 distance).77	This	 ‘quantum	 bus’	 is	 turned	 on	 and	 off	 by	 simply	 taking	 the	
qubits	 in	 and	 out	 of	 resonance	 with	 each	 other	 and	 can	 therefore	 implement	
conditional	gates.	This	scheme	is,	in	principle,	applicable	to	any	qubit	realization.75	In	
particular,	it	has	been	shown	that	it	could	be	used	to	develop	a	scalable	architecture	
for	 quantum	 computation	 with	 molecular	 electron	 spins	 (Fig.	 4). 78 	On	 the	
experimental	side,	some	pioneering	experiments	have	already	achieved	a	coherent	
coupling	between	superconducting	on-chip	resonators	and	large	ensembles	of	s=1/2	
organic	 radicals79,80	and	 vanadyl	 phthalocyanine	molecules.81	However,	moving	 to	
the	 limit	of	single	spins	remains	very	challenging.	The	key	 ingredient	 is	 to	attain	a	
spin-photon	coupling	such	that	WRT2	>>	1,	where	WR	is	the	Rabi	 frequency	(box	1)	












A	 technical	 way	 to	 enhance	 the	 spin-photon	 coupling,	 thus	 also	WR,	 is	 to	 locally	
squeeze	the	radiation	fields	to	sizes	comparable	to	those	of	the	molecules.	It	has	been	
predicted	that	reducing	the	width	of	 the	resonator’s	central	 line,	which	guides	the	














achieving	 longer	 quantum	 coherence	 times,	 being	 able	 to	 implement	 quantum	
operations,	 and	 devising	ways	 to	 scale-up	 to	 a	 large	 (and,	 in	 principle,	 unbound)	
number	of	qubits.		Here	we	have	used	mononuclear	rare-earth	complexes	to	illustrate	
that	a	molecular	approach	can	offer	solutions	on	all	three	fronts.		
First,	 to	 maximize	 quantum	 coherence,	 one	 needs	 to	 focus	 on	 the	 design	 of	 the	
electronic	structure	of	the	spin	qubit	and	its	atomic	environment.		
Second,	 to	 achieve	 a	 non-trivial	 set	 of	 quantum	 operations	 in	 a	minimal	 building	
block,	one	should	resort	to	coordination	chemistry	and/or	supramolecular	or	even	
biochemical	 strategies.84 	This	 approach	 can	 use	 either	 electronic	 or	 nuclear	 spin	
states.	The	latter	usually	show	longer	coherence	times,	but	they	are	more	challenging	
to	scale	up	because	 it	 is	not	easy	to	connect	 two	nuclear	spins	 located	at	different	
molecules	on	account	of	 their	small	magnetic	moments,	as	compared	to	electronic	
ones,	 and	 their	weak	 coupling	 to	 electromagnetic	 radiation.	 The	 former	 have	 the	










possibilities	—	whether	the	qubit	 is	 in	 the	 form	of	a	photon	or	a	superconducting	
current	—	one	can	construct	a	hybrid	quantum	device	by	coupling	the	delocalized	




above	 in	 some	detail	with	 superconducting	 transmission	 lines.	Note	 that	 this	 is	 a	
general	strategy	that	is	rather	platform-independent:	whatever	the	future	form	of	the	
quantum	 technology	 will	 be,	 it	 is	 likely	 that	 the	 role	 of	 chemists	 will	 be	 that	 of	































10		 Guo,	F.-S.	et	al.	Magnetic hysteresis up to 80 kelvin in a dysprosium metallocene 
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